Fibre-Reinforced Plastics (FRPs) have been suggested as suitable reinforcement for concrete structures among other solutions to combat corrosion problems in steel reinforced concrete. This paper presents the experimental validation of optimum resistance moment of concrete slabs reinforced with Carbon-Fibre Reinforced Plastic (CFRP). Eight specimens of two-way spanning slabs reinforced with CFRP bars were used in the experiment. They were designed to achieve two classical failure modes: rupture of the reinforcements (tension failure) and crushing of the concrete while the reinforcement remains elastic (compression failure). This was accomplished by using reinforcement ratios less, and more than the balanced reinforcement ratio, , for the slabs, respectively. All the slabs failed as predicted. The results obtained show that the design formulations for predicting the minimum flexural resistance of an CFRP-reinforced concrete member provided by CSAS806-02(R07) have been underestimated. The design formulations were found to underestimate the resistance moment capacity of CFRP-reinforced concrete slabs by about 33%.
INTRODUCTION
One of the major concerns about steel as reinforcement for concrete structures is its susceptibility to corrosion in a wet and harsh environment. Aggressive environments are not concrete-friendly because in an aggressive environment concrete may be open to chemical attacks, which break down the alkaline barrier in the cement matrix. This exposes the steel reinforcement in the concrete structures to corrosion, resulting in a loss of strength for the steel and structural capacity of the reinforced member. For this and many other reasons, Fibre-Reinforced Polymer (FRP) bars are considered as an alternative to steel for concrete reinforcement. However, the apparent high cost of FRP in comparison with steel and other conventional materials, has been a disapproving restraint [1] . Aside the cost concerns, the most significant technical obstacle stopping the extended use of FRP materials is lack of long-term and durability performance information comparable to the information available for traditional construction materials [2] .Most of the information available on composites is not related to civil engineering applications. Also, the absence of reliable design methods to determine the ultimate strength of structural elements reinforced with FRP has inhibited its use in the construction industry, despite its numerous advantages. Inspite of all these inhibitions, FRP-reinforcement in concrete structures are gaining wide acceptance as an effective substitute for steel reinforcement, especially for the cases in which aggressive environment produces high steel corrosion, or lightweight is an important design factor, or transportation cost increase substantially with the weight of the materials. Pultrusion, braiding, and filament winding are three common processes of manufacturing FRP [3] . Pultrusion is one of the most popular and common methods for producing linear composite elements with the primary reinforcing fibres in the longitudinal direction. It is a continuous filament moulding process incorporating fibre reinforcement with thermosetting resin matrices [4] . Continuous strands of reinforcing material are drawn from spools of fibres, through a resin tank, where they are saturated with resin, and then through a number of wiper rings into the mouth of a heated die. This process simultaneously forms and heat-cures the FRP into reinforcing rods [3] . The speed of pulling through the die is predetermined by the curing time needed. To ensure good and strong bond with concrete, the surface of the bars is usually interwoven, spiral wound or sand-coated. Lightly reinforced sections may fail immediately after cracking if the flexural strength or resistance moment of the reinforced element is less than the cracking moment for the member [5] . This type of failure occurs suddenly and without warning, and must be avoided. For this reason, [6] provides for minimum flexural resistance by requiring the resistance moment of an FRP-reinforced concrete member, Mr, to be at least 50% greater than the cracking moment, Mcr. However, [7] opined that this value could be stepped up to about 33% to get the optimum resistance moment. They stated that the resistance moment capacity of FRP-reinforced concrete slabs has been underestimated by about 33% in the design formulations by the code. This paper presents the experimental validation of the optimum resistance moment of concrete slabs reinforced with Carbon FibreReinforced Plastic (CFRP) proposed by [7] .
MINIMUM FLEXURAL RESISTANCE OF FRP-
REINFORCED RECTANGULAR CONCRETE SECTIONS The moment of resistance of a beam or slab section is the moment of the couple which is set up at the section by the longitudinal forces created in the beam or slab by its deflection. The minimum resistance moment of FRPreinforced concrete sections is given by [6] as:
The cracking moment (Mcr) is determined from the modulus of rupture of the concrete, fr the moment of inertia of the transformed uncracked section, Ira and the distance from the centroidal axis of the transformed uncracked section to the extreme tension fibre, yr, using
In (2), √ is the modulus of rupture of concrete, is the cracking moment, is the Moment of inertia of transformed uncracked section and is the Distance from the centroidal axis of transformed uncracked section to the extreme tension fibre. However, [6] and [8] permit the use of the gross moment of inertia, instead of to compute The general ultimate moment for a singly FRP reinforced concrete section is given by [6] as Equation (1) above, which is equivalent to:
This equation is proposed by [5] to be represented as:
where, is an underestimation factor observed in the cracking moment of concrete, and Therefore, From [5] , k is given as:
is the maximum optimum design variable, k is a function of is the maximum optimum value of k. Equation (7) 
MATERIALS AND METHODS

Materials
Two sizes of CFRP reinforcement bars, 8mm and 3mm diameters, produced by Mitsubishi Chemical Company, Japan, were used in the test programme. The diameters of the bars were measured as 7.98mm and 2.87mm for the 8 and 3mm diameters respectively. The measured diame e s and he manu ac u e s' gua an eed ensile strengths of for 8mm and 3mm bars respectively, were used in the design calculations. Normal concrete of compressive strength was used. This was ascertained by laboratory tests.
Specimens
Eight specimens of two-way spanning slabs reinforced with CFRP bars were used in the experiment. They were designed to achieve two classical failure modes: rupture of the reinforcements (tension failure) and crushing of the concrete while the reinforcement remains elastic (compression failure). This was accomplished by using reinforcement ratios less, and more than the balanced reinforcement ratio, , for the slabs, respectively. Table 2 gives the details of test specimens. Figure 1 shows a schematic diagram of the test setup. The slab is a two-way spanning square slab supported along four sides on a wooden frame. The slabs were supported on four sides on a wooden frame mounted on steel supports. A steel plate was placed on the slab to ensure that applied load is uniformly distributed over the slab surface. The slabs were loaded by manually operated hydraulic machine and readings taken as indicated by the dial gauge at failure of the slabs. Four of the slabs were designed to fail by rupture of reinforcement, which is tension failure. The other four slabs were designed to fail by crushing of concrete, which is compression failure. Table 2 shows the details of test specimens, while the properties of the materials used in the experiment are shown in Table 3 . material resistance reduction factor for concrete [6] material resistance factor for CFRP [6] Neutral axis ( )
Design of Experimental Slabs
RESULTS AND DISCUSSION
The results of the failure modes are shown in Table 3 . From the Table, it is evident that four of the slabs failed by crushing of concrete while the reinforcement remained elastic, and four failed by rupture of the reinforcement before concrete crushed. All the slabs failed as predicted. The details of the failure moment of the tested CFRP reinforced concrete slabs are presented in Table 4 . It is clear from the results that the resistance moment is affected by the depth of the section, aside reinforcement ratio, which determines failure mode. [7] . Thus, the moment of resistance of a singly CFRP reinforced rectangular solid slab section may be expressed as:
CONCLUSION
This work has critically looked at the varying complexities connected with the structural behaviour of CFRP singly-reinforced concrete slab sections, generally in their design formulations. As in the design of steelreinforced concrete elements, the design requirements for FRP-reinforced concrete elements are strength requirements at the ultimate limit state and serviceability requirements for cracking and deflection. While the design of steel-reinforced elements is normally governed by the strength or ultimate limit state, FRPreinforced concrete members are controlled by serviceability requirements, such as crack widths and deflections. The design formulations for predicting the minimum flexural resistance of an FRP-reinforced concrete member provided by [6] , has been optimized deterministically. The design formulations were found to underestimate the resistance moment capacity of FRPreinforced concrete slabs by about 33% when considering the wholly rectangular stress block. This is the percentage underestimation of the cracking moment of concrete and validated in the laboratory by experiment. The findings herein lead to the following suggested equation to evaluate the resistance moment of FRP-reinforced rectangular concrete slabs:
